Pasteurella multocida is the causative agent of infectious diseases of economic importance such as fowl cholera, bovine hemorrhagic septicemia, and porcine atrophic rhinitis. However, knowledge of the molecular mechanisms and determinants that P. multocida requires for virulence and pathogenicity is still limited. To address this issue, we developed a genetic expression system, based on the in vivo expression technology approach first described by Mahan et al. (Science 259:686-688, 1993), to identify in vivo-expressed genes of P. multocida. Numerous genes, such as those encoding outer membrane lipoproteins, metabolic and biosynthetic enzymes, and a number of hypothetical proteins, were identified. These may prove to be useful targets for attenuating mutation and/or warrant further investigation for their roles in immunity and/or pathogenesis.
Pasteurella multocida is an opportunistic veterinary and human pathogen with worldwide distribution. Certain serotypes are the etiologic agents of severe types of pasteurellosis, such as fowl cholera in avian species, hemorrhagic septicemia in cattle and buffalo, and atrophic rhinitis in swine. Despite considerable research into the mechanisms of immunity, virulence, and pathogenesis, safe and effective vaccines against pasteurellosis are still lacking and little is known of the molecular mechanisms of pathogenesis.
Mahan et al. (35) first described a system to identify in vivo-expressed genes and termed this "in vivo expression technology" (IVET). Various IVET systems have since been designed and used in a number of different organisms (reviewed in references 9, 24, and 25). Information gained from these research efforts has identified a number of known virulence factors, metabolic and biosynthetic genes, and, interestingly, many genes with no known function. IVET systems provide an insight into the genes which are required for survival and multiplication in vivo, and the gene products identified may represent new targets for attenuating mutations, antimicrobial agents, or recombinant vaccines. The inactivation of genes identified by IVET systems has, in many cases, resulted in the attenuation of virulence, indicating an important role for these in vivo-expressed genes in pathogenesis (34, 52) . In addition, the in vivo promoters themselves could be utilized for heterologous antigen expression in vivo.
Outer membrane protein preparations from in vivo-grown P. multocida cells protect birds from heterologous serotypes, whereas in vitro-grown bacteria provide protection only against the homologous somatic serotype (17, 22, 23) . The in vivo-expressed antigens involved in providing heterologous protection have been termed the cross-protective factors. Much interest has been focused on identifying the cross-protective factors of P. multocida fowl cholera strains, yet none has been isolated and characterized to date. The IVET system provides a new approach for identifying such genes and overcomes the limitations of using in vitro media and conditions to mimic the host factors responsible for triggering bacterial gene expression in vivo. The IVET approach is designed to identify simultaneously a number of genes expressed in vivo.
This report describes an IVET system for use in P. multocida, termed PmIVET, to identify genes that are expressed exclusively or preferentially during infection. A plasmid-based promoter-probe system which relies on the expression of an antibiotic resistance marker, kan, was designed and constructed for use in P. multocida. A plasmid carrying a promoterless kan gene, pMK⍀, was constructed, and fragments were cloned upstream of this gene to generate transcriptional fusions which were then introduced into the virulent P. multocida strain X-73. After infection with P. multocida, mice were treated with kanamycin (KAN), and in vivo-expressed genes were identified by analyzing the bacteria that survived in vivo but were KAN sensitive (Kan s ) in vitro.
MATERIALS AND METHODS
Media. P. multocida strains were cultured at 37°C on nutrient agar (NA) or in nutrient broth (NB). Escherichia coli strains were grown in Luria-Bertani broth or on Luria-Bertani agar at 37°C. Antibiotics were added when required at the following concentrations: ampicillin, 100 g ml
Ϫ1
; KAN, 5, 10, 20, 30, 40 , or 50 g ml
; streptomycin (STR), 25 g ml
; and spectinomycin (SPE), 25 g ml Ϫ1 .
Individual P. multocida strains for mouse in vivo selection assays were grown overnight in NB, diluted 1:100 in 10 ml of fresh NB, and incubated with shaking at 37°C for 4 to 6 h. The absorbance at 600 nm of the cultures was determined, after which the cultures were diluted in sterile phosphate-buffered saline, pH 7.2, to provide the required number of CFU.
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 .
DNA manipulations. P. multocida genomic DNA was prepared using the method of Ausubel et al. (4) , and plasmid DNA from E. coli and P. multocida strains was prepared as described by Le Gouill et al. (32) . DNA was digested using restriction endonucleases supplied by Roche Molecular Biochemicals (Basel, Switzerland) or New England Biolabs Inc. (Beverly, Mass.) under conditions recommended by the manufacturer.
Library construction. P. multocida strain X-73 genomic DNA was digested to completion with Sau3AI, and the resulting fragments were purified using a Qiaex II gel extraction kit (Qiagen, Hilden, Germany) before ligation into BamHIdigested, dephosphorylated pMK⍀ ( Table 1 ). The ligation mix was used to transform cells of X-73 (49) , which were allowed to recover at 37°C for 2 h and then spread onto NA containing 25-g ml Ϫ1 concentrations of both SPE and STR to select transformants containing pMK⍀. Transformants were used in mouse infection experiments to select for recombinant clones expressing KAN resistance (Kan r ) in vivo. Estimation of the in vivo KAN level. Female BALB/c mice were weighed, and KAN doses of 50, 100, or 200 g g of body weight Ϫ1 were injected intraperitoneally (i.p.). To measure the circulating KAN concentration, 100-l volumes of heparinized blood obtained from the orbital plexus were added to 5-mm-diameter wells cut in diagnostic sensitivity test agar plates which had been seeded with sufficient E. coli to produce a confluent lawn after subsequent overnight incubation at 37°C. Zones of inhibition of E. coli growth were then measured, and the circulating concentration of KAN in the mouse was determined by comparison with KAN standards. All measurements were performed at least in triplicate.
In vivo library selection. An X-73 Sau3AI genomic DNA library in the vector pMK⍀ was expressed in X-73 cells grown in NB containing 25 g of SPE and STR ml Ϫ1 in vitro. Female 6-to 8-week-old BALB/c outbred mice were injected i.p. with 2.9 ϫ 10 6 CFU of the library, and the infection was allowed to progress for a minimum of 2 h before an appropriate volume of KAN, calculated by determining the mouse weight, was injected i.p. to give an approximate in vivo level in blood of 100 g ml
. Mice were bled from the orbital plexus immediately prior to the injection of KAN and then periodically over 13 h. Blood was plated onto NA containing 25 g of SPE and STR ml Ϫ1 and incubated at 37°C overnight. Bacterial colonies appearing after overnight incubation were patched or replica plated onto NA containing 50 g of KAN ml
. Plasmids purified from Kan s clones were analyzed further by restriction digestion, and the nucleotide sequence of the cloned inserts was determined to identify putative in vivoexpressed genes.
Nucleotide sequence analysis of the PmIVET clones. Synthetic oligonucleotides were designed that were homologous to the 5Ј and 3Ј ends (BAP-1056, 5Ј-ATCTAGCGAGGGCTTTAC-3Ј, and BAP-503, 5Ј-ACCGAATAGCCTCTC CAC-3Ј, respectively) of the BamHI cloning site of pMK⍀. These were used in either Taq DyeDeoxy terminator cycle kit or Taq Big DyeDeoxy terminator kit (Applied Biosystems Inc., Foster City, Calif.) sequencing reactions, which typically contained 200 to 500 ng of purified template DNA, 6 to 8 l of Taq DyeDeoxy or Taq Big DyeDeoxy Terminator mix, and 3.2 pmol of the required oligonucleotide in a 15-to 20-l volume. Cycle sequencing was performed on a Perkin-Elmer GeneAmp PCR system 2400 thermocycler, and the DNA products were purified according to the manufacturer's instructions and analyzed with an Applied Biosystems Inc. automated DNA sequencer, model 373. The Sequencher 3.0 program (Gene Codes Corp., Ann Arbor, Mich.) was used to align and assemble individual sequences. Comparison of sequences with those in GenBank, EMBL, and unfinished genome databases was performed using the BLAST (3) and FASTA (44) programs through the Australian National Genomic Information Service (ANGIS) (http://www.angis.org.au) and the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). Computer analysis of deduced protein sequences was carried out through ANGIS using programs within the Genetics Computer Group sequencing analysis software package (GCG, Inc., Madison, Wis.).
Colony PCR. Colonies picked from a plate were resuspended in 50 l of distilled water, boiled for 10 min, then centrifuged at 12,000 ϫ g for 10 min. A 2-l portion was then used as template DNA in a 20-l PCR mixture containing 50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.3), 0.01% (wt/vol) gelatin, 200 M (each) dATP, dCTP, dGTP, and dTTP, 1 M concentrations each of forward and reverse oligonucleotide primers, and 1 l of Taq DNA polymerase (Roche Molecular Biochemicals). Reactions were performed using a PerkinElmer GeneAmp PCR system 2400 thermocycler and 0.6-ml thin-walled tubes. Thermocycling conditions were 94°C for 15 s, 50°C for 30 s, and 72°C for 2 min, using 25 cycles.
RESULTS
Construction of the promoter probe vector pMK⍀ for selection of in vivo-expressed genes. The 4.9-kb plasmid pPMK1 (Table 1 ; Fig. 1 ) was constructed by cloning the KAN resistance cartridge from pUC4KIXX (51) into a native cryptic P. multocida plasmid (6) . This plasmid was used to generate the promoterless kan gene promoter-probe vector for use in PmIVET. A putative ribosome binding site, AGGA, was present 10 bp upstream of the ATG start codon of the kan gene. The native kan promoter was identified in the region 100 to 160 bp upstream of the start codon. Two BglII sites that could be used to remove the kan gene promoter were identified in pPMK1. The 2-kb BamHI omega (⍀) terminator fragment (46) , which carries two transcriptional terminators and translational stop codons in all three frames at either end of the element, in addition to encoding STR and SPE resistance, was cloned into BglII-digested pPMK1 upstream of the promoterless kan gene, resulting in the 6.5-kb plasmid pPBA844 ( Fig. 1) .
To allow the cloning of P. multocida genomic DNA Sau3AI fragments upstream of the promoterless kan gene in pPBA844, inverse PCR was employed, using outward-facing primers carrying BamHI sites at their 5Ј ends, to introduce a unique BamHI cloning site (Fig. 1) . The resulting vector, carrying a promoterless kan gene, an ⍀ terminator fragment, a P. multocida plasmid origin of replication, and a unique BamHI cloning site upstream of the kan gene, was designated pMK⍀ (Fig. 1) .
P. multocida carrying pMK⍀ was unable to grow in NB or on NA plates containing Ͼ5 g of KAN ml Ϫ1 , whereas P. multocida carrying the vector pPMK1 grew in NB containing up to 400 g of KAN ml
Ϫ1 . Survival of P. multocida harboring either pPMK1 or pMK⍀ in KAN-treated mice. A KAN-treated mouse infection model that selected for bacteria expressing Kan r in vivo but did not permit the survival of detectable levels of Kan s bacteria was established. A KAN dose of 100 g g of body weight
Ϫ1 was found to remove Kan s organisms in vivo while allowing Kan r organisms to multiply and infect mice. Pairs of mice were given either 1 ϫ 10 7 CFU of X-73(pPMK1) or 2 ϫ 10 7 CFU of X-73(pMK⍀) and then given a KAN dose (100 g g of body weight Ϫ1 ) after 4 and 6.5 h (Fig. 2) . The effectiveness of even a single KAN dose was demonstrated by the significant reduction in bacterial numbers observed in the mice infected with X-73(pMK⍀), where within 1 h of the first KAN dose, the numbers had decreased from 6 ϫ 10 6 CFU ml Ϫ1 to 20 to 50 CFU ml Ϫ1 (Fig. 2) . No reduction in numbers was seen for the mice infected with X-73(pPMK1) after the first KAN dose. A second KAN dose was given after 2.5 h, and the circulating bacteria were enumerated after a further 2 and 4 h. No X-73(pMK⍀) bacteria were detected, whereas X-73(pPMK1) continued to be detected in high numbers (Fig. 2) .
Generation of an X-73 genomic DNA Sau3AI library in pMK⍀. The genomic library contained a total of 10,300 transformants, of which approximately 61% (6,300) contained insert DNA with an average size of 0.8 kb. Using the Clarke and Carbon (10) formula and the approximate genome size of 2,350 kb of another A:1 strain (26) (the size of the X-73 genome is not known), this library was estimated to cover 46% of the genome. Replica plating of 500 colonies onto NA plates containing 50 g of KAN ml Ϫ1 demonstrated that the library contained approximately 4.4% in vitro Kan r bacteria prior to in vivo selection. This experiment also confirmed the function of the kan gene in pMK⍀.
Selection of in vivo-active promoters. The transformants were scraped off plates and pooled into 200 ml of NB containing SPE and STR before incubation for 1.5 h at 37°C. Aliquots of this suspension (representing 3 ϫ 10 6 CFU) were injected i.p. into four pairs of mice for in vivo selection of clones carrying promoter elements expressed during infection. A fifth pair of mice was injected i.p. with 10 5 CFU of X-73(pMK⍀) as a control for the in vivo clearance of Kan s bacteria. KAN was administered to this control group at 2 h postinfection. The four pairs of mice, used for the in vivo selection of the X-73 library, were treated with KAN at various time points in an attempt to maximize the recovery of in vivo-expressed genes by allowing the infection to progress to different stages before KAN treatment.
Blood was taken from the mice at various times over a 13-h period and bacteria were selected on NA plates containing SPE and STR at 37°C. Of the resulting colonies recovered from the mice, 2,900 were transferred to NA plates containing 50 g of KAN ml
Ϫ1 to determine the in vitro KAN resistance phenotype. Of these, 292 (10%) were found to be Kan s , indicating that a promoter functioning in vitro was not present upstream of the promoterless kan gene of pMK⍀ in these clones.
Plasmid DNA was prepared from the 292 Kan s clones, and 159 of these (54.5%) were shown to contain insert DNA in pMK⍀. The nucleotide sequence of insert DNA was obtained using the two oligonucleotide primers, BAP-503 and BAP-1056. Analysis of the individual nucleotide sequences and comparison with sequences in GenBank and other databases identified 76 clones which could potentially contain promoter regions driving the expression of kan in vivo.
Repassaging potential in vivo-expressed clones through KAN-treated mice. To confirm the specificity of in vivo selection, clones were repassaged individually using pairs of mice. In these experiments each clone (10 5 to 10 6 CFU) was injected i.p. into pairs of mice together with X-73(pMK⍀) (10 5 to 10 6 CFU) as an internal control for in vivo clearance of Kan s organisms. The mice were treated with KAN (100 g g of body weight Ϫ1 ) at 2 and 4 h postinfection. Bacteria were recovered from blood at 8 h, and Kan r bacteria were plated on NA containing 25 g of SPE and STR ml Ϫ1 . Measurement of blood KAN levels using this regimen indicated that concentrations of 80 to 100 g ml of blood Ϫ1 were achieved 15 min after each KAN injection in mice. Random colonies were patched onto NA containing 50 g of KAN ml Ϫ1 to check in vitro sensitivity. Where possible, 12 colonies were screened by PCR from each plate using the primers BAP-503 and BAP-1056 to differentiate between clones containing plasmids with inserts and those containing pMK⍀ vector only. Plasmids were selected as potentially carrying an in vivo-expressed promoter only if they were recovered without corecovery of bacteria carrying pMK⍀. Repassaging the clones through mice with the internal pMK⍀ control greatly improved the specificity of the PmIVET system.
Of the 76 clones with potential in vivo promoters, only 43 contained unique fragments (Table 2 ) and one representative of each of these gene fusions was used for repassaging. After repassaging, 17 of the 43 clones were recovered from mice without coisolation of X-73 carrying pMK⍀. These clones were designated as carrying an in vivo-expressed promoter element. Ϫ1 was injected. The value given on the y axis at 0 h is the total CFU administered to each mouse to initiate infection. All other values plotted are CFU milliliter of blood Ϫ1 . Where a y value of 10 0 is given, no bacteria were recovered. As a number of these clones contained noncontiguous Sau3AI fragments, definite assignment of some in vivo-expressed genes is not yet possible. However, from nucleotide sequence analysis of the individual Sau3AI fragments of each clone, the promoter region of the gene most likely to be driving kan expression in vivo was predicted. The analysis of these clones is detailed in Table 2 (Table 2 ). In vitro KAN resistance levels appeared to have no relation to bacterial numbers recovered from mice, indicating that survival in vivo was independent of the in vitro KAN resistance.
DISCUSSION
A system for the identification of in vivo-expressed genes of P. multocida was constructed and tested in mice. As this PmIVET system is plasmid based, it is readily transferable to any P. multocida strain provided that the plasmid can be maintained and KAN resistance can be expressed. The method of selection is straightforward, as it does not require complex media or the generation of P. multocida mutants. Importantly, the inherent problems of variability between individual animals were effectively addressed for PmIVET by the use of an internal Kan s X-73(pMK⍀) control during repassaging. Using various IVET systems, researchers have noted significant in vivo selection in animal models, with approximately 86 to 95% of the recovered population expressing the phenotype required for survival in vivo (35, 52, 56) . Significant selective pressure for Kan r bacteria appears to have been exerted in vivo when the prepassaged Kan r level in the library, measured at 4.4%, was compared to the 90% Kan r bacteria recovered from mice after the first in vivo selection of the library pool. However, of the 292 Kan s clones recovered after the initial in vivo library selection, 45.5% contained pMK⍀ without any insert DNA. Variability in the circulating KAN concentrations between mice may play a role in the survival of some Kan s bacteria in vivo. Measurement of the blood KAN levels showed that the concentration of KAN reached the required level 15 min after injection. To address the problem of variability, repassaging was performed using duplicate KAN doses 2 h apart to maintain KAN selection for a longer period of time. In addition, mice were injected simultaneously with both the clone to be tested and a similar dose of X-73(pMK⍀). Clones were then selected as potentially carrying an in vivo-expressed gene only if after in vivo KAN selection the clone demonstrated an in vitro Kan s phenotype and was recovered without corecovery of bacteria carrying pMK⍀. Multiple isolations of identical clones from mice with different treatment regimens and the occurrence of identical clones isolated from more than one mouse during the first round of in vivo selection also provided confidence in the PmIVET selection procedure. Of the 46 clones that were chosen for repassage through mice, 8 were isolated a number of times. Six of these were recovered after a second round of PmIVET selection. The other two clones were recovered after repassage in mice but in conjunction with X-73(pMK⍀), indicating that selection in these mice was inadequate. Thus, the classification of these clones as potentially expressing Kan r in vivo awaits further testing. In vivo-expressed genes identified. Although a number of clones carried noncontiguous genomic Sau3AI fragments and thus we cannot rule out the possibility that some Sau3AI fusions have created fortuitous in vivo-active promoters, we propose that the promoters of the forward-pointing open reading frames (ORFs) in these clones were responsible for the expression of kan. In the following discussion, PM numbers refer to the gene designation scheme for the P. multocida Pm70 genome sequence (http://www.cbc.umn.edu/Research Projects/ AGAC/Pm/pmhome.html).
Lipoproteins. The identification of potentially in vivo-expressed putative membrane proteins may reflect the change in the bacterial surface properties required during infection. Two clones that contained the forward-pointing ORFs pcp (PM0554) and hpd (PM1444) were identified. The amino acid sequences deduced from these ORFs showed 88 and 78% similarity, respectively, to two membrane lipoproteins of Haemophilus influenzae, PCP and protein D, encoded by the pcp and hpd genes, respectively. Multiple isolations of both clones were obtained (Table 2) . In nontypeable H. influenzae, PCP was found to be antigenically conserved and has shown promise for use in recombinant subunit vaccines (12, 18, 19) . The immunogenic 42-kDa surface-exposed protein D is widely distributed among H. influenzae strains (1) and has been shown to mediate binding to immunoglobulin D, which may represent a form of immune evasion by the bacteria (47, 48) . Protein D is also involved in the metabolism of glycerol, mediating glycerophosphodiester phosphodiesterase activity (40) , and has been shown to cause damage to epithelial-cell cilia in a nasopharyngeal tissue culture model (27) . Additionally, an H. influenzae hpd mutant was found to be 100 times less virulent than the wild-type strain (28) . The identification of an in vivo-expressed P. multocida homologue of protein D raises the possibility that it may play a similar role in immunity and virulence.
Pyrimidine synthesis and salvage. IVET systems for a number of organisms have identified genes involved in pyrimidine and purine biosynthesis and nucleotide recycling in vivo (24, 25, 36) . Mammalian blood contains very low levels of purines and pyrimidines, and thus, blood-borne pathogenic bacteria must synthesize nucleotides de novo. The ORF fused to kan on MHS17 showed sequence similarity to a dCTP deaminase (dcd) of H. influenzae Rd (14) . Upstream of P. multocida dcd (PM0951), a gene encoding the enzyme uridine kinase (udk) involved in pyrimidine salvage was identified (Table 2) . A similar arrangement occurs in E. coli and H. influenzae Rd (7, 14) . The E. coli and Salmonella enterica serovar Typhimurium dcd genes are involved in the formation of dUTP, a precursor for the de novo synthesis of thymidylate (41, 54) . Although the udk and dcd genes on MHS17 were separated by only 20 bp, suggesting that they are part of an operon and thus transcribed from a promoter preceding udk, the possibility exists that se-quences upstream of and within the udk gene could allow transcription of dcd in vivo.
Biosynthetic and metabolic genes. Many in vivo-expressed genes identified to date have been involved in biosynthesis, metabolism, or nutrient acquisition. The identification of such genes reveals information about the environmental stimuli within the host during infection that may act as signals for the induction of bacterial genes to complement nutrient limiting conditions and signal the induction of virulence genes required for immediate survival and spread to other anatomical sites of infection (24) .
The P. multocida dsbD homologue (PM0221) was fused to kan on clone MHS23. After the first PmIVET in vivo selection, six clones identical to MHS23 were recovered independently (Tables 1 and 2) . In E. coli the integral membrane protein, DsbD, is essential for growth above 42°C, with dsbD transcripts still detectable at 50°C (39) . This may contribute to the virulence of X-73, given that the normal body temperature of poultry ranges between 39 and 43°C. The dsbD gene in E. coli is transcribed from its own promoter and is involved in disulfide bond formation in periplasmic proteins. As disulfide bonds are often essential for the proper folding, stability, and activity of many extracellular proteins, the expression of such a gene in vivo may have implications in bacterial pathogenesis for the secretion of toxins or other virulence factors. Recently, Fuller et al. (16) found that mutation of dsbB, also involved in disulfide bond formation, caused attenuation of virulence in P. multocida in a septicemic mouse model. Additionally, DsbD is required for c-type cytochrome biogenesis under anaerobic conditions and plays a role in copper (Cu 2ϩ ) tolerance in bacteria such as E. coli, S. enterica serovar Typhimurium, and P. aeruginosa (11, 21, 42) . Other genes involved in Cu 2ϩ homeostasis have been identified, using IVET systems, from S. enterica serovar Typhimurium (24) and Staphylococcus aureus (34) .
A P. multocida homolog of the H. influenzae speF gene (14) (PM0806) that encodes an ornithine decarboxylase, was found to potentially drive kan expression in vivo (MHT6) ( Table 2) . Similarity to E. coli SpeF, a biodegradative enzyme for the production of putrescine that is inducible at low pH in the presence of ornithine, was also found (30) . In E. coli and H. influenzae, speF is the first gene of the speF-potE operon which is involved in the maintenance of cellular polyamines required for normal cell growth (50) and transport of putrescine (30) . Induction of this operon is believed to neutralize the extracellular medium via the excretion of putrescine (31) . Other genes involved in biosynthesis of the polyamines cadaverine, spermidine, and putrescine have been isolated from S. enterica serovar Typhimurium, Streptococcus pneumoniae, and Vibrio cholerae using IVET and signature-tagged mutagenesis systems (24, 38, 45) . These genes are also induced at low pH and are believed to play a role in acid tolerance (38, 43 (37, 53) . Recently, Chiang and Mekalanos (8) identified an attenuated pta mutant of V. cholerae using signature-tagged mutagenesis. The expression of cholera toxin and the toxin coregulated pilus was also affected by the pta mutation, further suggesting a regulatory relationship between the Pta-AckA metabolic pathway and virulence gene expression (8) .
A gene (PM1968) with deduced amino acid sequence similarity to SrlD (also named GutD) of Erwinia amylovora and E. coli (2, 7) involved in the conversion of sorbitol-6-phosphate to fructose-6-phosphate was fused to kan on MHW40 ( Table 2) . The srlD gene is the third and fourth gene of an operon in E. coli and E. amylovora, respectively (2, 55). Transcription from a promoter upstream of the first gene in the operon, srlA, was found to be sensitive to catabolite repression by glucose and also dependent on repressor and activator proteins (2, 15, 33) . However, until further genetic experiments are performed, a promoter present immediately upstream of the srlD gene cannot be ruled out.
An ORF (PM1256) with similarity to a hypothetical protein, HI1031, of H. influenzae Rd (14) and the putative dehydrogenase, YiaK, of E. coli (5) appeared to be the ORF driving kan transcription on MHX6 in vivo. In E. coli yiaK is the first of nine genes in an operon involved in carbohydrate utilization (5) . A divergently transcribed repressor of the E. coli yiaK-yiaS operon, yiaJ, was found upstream (5) . Analysis of the Pm70 genome sequence also indicated the presence of a yiaJ homologue (PM1257) 217 bp upstream of the P. multocida yiaK gene. The up-regulation of genes involved in the use of alternative carbohydrates may indicate different nutritional requirements in vivo.
Two ORFs with sequence similarity to the formate-dependent nitrate-reducing proteins from E. coli and H. influenzae nrfD and nrfE, respectively, were identified in the clone MHS7. Comparison of MHS7 with the Pm70 genome indicated that the start of nrfD was not present on this clone. However, the nrfE start codon was found 71 bp downstream of nrfD on MHS7, preceding the kan gene. Therefore, a promoter in the intergenic region between nrfD and nrfE may be expressed in vivo. Interestingly, nrfEFG gene products have been implicated as part of a heme lyase that is responsible for attaching heme to cytochrome c 552 (nrfA) at a motif that has been shown to be the site of nitrite reduction (13) . These data are consistent with previous reports that nrfEFG were essential for nitrite reduction (20) .
Hypothetical proteins. A number of PmIVET-isolated clones contained ORFs which were similar to hypothetical proteins and which appeared to be driving kan expression in vivo. Why these gene products are required and what cellular function they perform in vivo is unknown. It is of interest that two clones contained ORFs not present in the P. multocida Pm70 database (W32 and Y6) which hence may represent genes unique to X-73.
The only forward-pointing ORF of clone MHW32 spanned the entire 129-bp Sau3AI fragment and displayed similarity to an internal region of a hypothetical protein, Sll1723, of Synechocystis sp. strain PCC6803 (29) . Amino acid sequence similarity to similar regions of a number of bacterial glycosyl transferases was also seen. Comparison to the Pm70 genome did not reveal any sequence similar to that of MHW32. Thus, this ORF may represent a gene unique to X-73 (Table 2) .
A forward-pointing 377-bp ORF was found on a Sau3AI fragment in clone MHY6 that displayed no nucleotide or amino acid sequence similarity to any sequences stored in the databases searched. This ORF may represent a gene unique to X-73, as it did not show similarity to the genome of Pm70.
This study represents the first application of the IVET approach to P. multocida for the identification of genes that are preferentially expressed in vivo. Using a mouse model of infection, a number of genes were isolated that represent in vivo-expressed loci from the fowl cholera-causing isolate X-73. These may prove to be useful targets for attenuating mutation and/or warrant further investigation for their products' roles in immunity and pathogenesis. Additionally, the promoter regions of these in vivo-expressed genes will be useful for the delivery of recombinant antigens in vivo by placing a heterologous gene under the control of an "in vivo" promoter for expression in an attenuated P. multocida strain.
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